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Calculation of Resistance of Three-Dimensional 
Configurations 
The calculation of resistance of three-dimensional  configurations 
is, in general,  impractical.  Exact  solutions  are  obtainable  only if there 
is a great  deal of symmetry,  and  digital  computer  solutions of differ- 
ence equations present considerable computational difficulties be- 
cause of the large number of lattice points required. The purpose 
of this letter is to  describe a technique that reduces the three- 
dimensional problem to a set of integral  equations which depend  only 
on the surface potentials. Thus, the three-dimensional problem is 
effectively reduced to a two-dimensional problem. The technique 
proposed is an extension of a method  recently  developed for solving 
Poisson’s equation in homogeneous and inhomogeneous media’ and 
applied  to  the  forward problem in  electrocardiography.’ 
Consider the three-dimensional configuration shown in Fig. 1, 
where a difference of potential V is applied to  the electrode  surfaces 
SI and S?. SI represents  the  portion of the  surface  not  covered  by  the 
electrodes. The resistance R of this  configuration is given by: 
V V 
where + is the  electrostatic  potential  and u the  electrical  conductivity. 
Examination of (1) reveals that a knowledge of the normal derivative 
of the potential over either SI or Sf is sufficient information to 
obtain R. 
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Fig. 1. 
Let $= l /r ,  +be  the electrostatic  potential,  and SO the  entire  external 
boundary. I t  is then a straightforward procedure5 to show that 
+(x ’ ,  y’,  2 ’ )  is the  potential at  an  arbitrary  observation  point inside SO, 
and r is  the  distance  from  this  point  to  the  surface. A judicious choice 
of the  observation  point will prove  advantageous.  In  particular, 
choose the  location of + ( x / ,  y’, z’)  sufficiently close to a surface  element 
so that  the  potential at the  observation  point  is  equal  to  the  surface 
potential +i to  within  the  desired  accuracy.  This choice assumes that 
’V+ is  finite.  However, this  is a reasonable  assumption  since an  upper 
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limit of V+ exists for all  known materials  due  to  dielectric  breakdown. 
The surface  integrals in (3) consist of three  surfaces SI, SO, and S3. 
These may be  approximated  by finite sums:  i.e.,  divide SI into L sur- 
face elements, & into N elements, and S3 into M elements.  Choose 
the  observation  point  just  inside a surface  element so that  the obser- 
vation  potential is equal  to  the  potential of the  surface  element.  Then 
(3) represents  one  equation  with ( L + N )  unknown potential  gradients 
and .If unknown surface potentials. By successively choosing the 
observation point, an infinitesimal distance inside each surface ele- 
ment, one can generate (L+N+M) simultaneous equations with 
( L + N + X )  unknowns. Solutions of these simultaneous equations 
specify the  unknown  potential  gradients o n  the  electrodes  (as well as 
the unknown potentials on Sa), and the resistance can then be ob- 
tained  by using (1). 
By starting  with Green’s theorem  for an inhomogeneous media,’,’ 
this method may be generalized to include inhomogeneous volume 
conductors. For inhomogeneous volume conductors, the resistance 
depends  not  only  on  the  outside  surface  but also on  the  interfaces of 
differing conductivity  within  the  volume. 
This  method  has b e e n  tested  by  determining  the  resistance of a 
sphere  with spherical cap electrodes  located at different  points  on  the 
sphere. The resistance  obtained  by  this  method, using an IBM 7072 
computer  to solve the  simultaneous  equations, is within 5 percent of 
solutions  obtained  by  digital  computer  solutions of difference equa- 
t i o n ~ , ~  and  within 3 percent of known exact solutions.6 Based on  the 
experience from  this  initial  work,  the  authors believe that  the com- 
putational load using the technique described in this letter is a t  
least one order of magnitude less than that required by standard 
numerical  techniques. 
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Schottky Barrier  Gate Field Effect Transistor 
An obvious addition to the ever-growing family of field-effect 
devices is a field-effect transistor  with a Schottky  barrier  gate. I t  is 
the purpose of this correspondence 1) to demonstrate that indeed 
such a device  does  function as expected and 2 )  to point out several 
advantages of such a structure  under  certain  circumsances. A 
schematic  cross  section of the device  is  shown in Fig. 1. The  gate con- 
sists of a metal in intimate contact with the clean semiconductor 
surface. Clearly  the ohmic contacts can be placed either  on  top of or 
under  the  semiconductor  layer. 
Experimental  devices were constructed using a 2 . 5 ~  thick  n-type 
GaAs epitaxial layer (p=O.45 Qcm, p=7000 cm2/volt-second) on a 
semi-insulating GaAs substrate. The source and  drain were alloyed 
Sn-Te  spaced 1 mm apart.  The devices were 0.45 mm in width. An 
Office of Naval Research, Washington. D .  C. 
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Fig. 1. Cross section of Schottky bamer gate FET. 
Fig. 2. I-V characteristic of gate-channel barrier. Horizontal: 
0.2 volt/maj.  div. Vertical: 10 rA/maj.  div. 
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Fig. 3. Drain family for surface bamer gate device. Gate voltages 
are negative  with respect to source. 
aluminum gate 0.1 mm across was evaporated directly onto the 
freshly chemically polished surface. The volt-ampere characteristic 
of the gate-channel barrier is shown in Fig. 2. The I d n i n -  Vkaiu 
family is shown  in  Fig. 3. The  channels  had  an open gate resistance of 
approximately 4000 ohms. The observed transconductance  and 
pinch-off voltage agree well with those calculated for the  geometry 
and  materials used.’ 
From  the  study of the dependence of the  Schottky  barrier  energy 
upon the  nature of the  metal,  it  has been established that nearly  all 
of the more covalent semiconductors have  a large density of surface 
states which fix the  Fermi level a t  the surface somewhere near the 
middle of the forbidden  gap.* Under these conditions, the field- 
effect  modulation of carrier  density in the  bulk should  be very  much 
less than  that  calculated, assuming no surface  charge. In certain cases 
(silicon, e.g.), it is possible to alter the surface states by chemical 
surface reactions  in such a  way  that near-ideal field-effect behavior is 
observed in MOS-type  structures. However, it is doubtful that this 
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technique will work in all cases. Since the bias dependence of the 
Schottky  barrier  depletion  layer is not affected by surface states,  it 
constitutes an ideal gate for those materials where the MOS tech- 
nique  is  unsuccessful. I t  should  also  be remarked  that  the  insulator 
of an  MOS structure is the source of many  drift  and  instability prob- 
lems and is very  easy  to  damage  by exceeding its  voltage breakdown. 
The Schottky barrier gate also has certain advantages over a 
p-n junction gate. On many wide-band gap materials, for example, 
good p - n  junctions are difficult to form, often having high reverse 
saturation  currents. A properly made  Schottky  barrier  has a close-to- 
theoretical reverse current which can be extremely low. In  addition, 
the  barriers associated  with  wide-band gap semiconductors are  quite 
large and, hence, a  Schottky  barrier  gate  can be  biased  in the  forward 
direction by a considerable amount  to narrow the depletion layer, 
without drawing  excessive gate  current. If gate  current is drawn, i t  
appears  as  a  hot electron current into the gate and, hence, has no 
storage effect to interfere with the high-frequency operation of the 
device. 
For  these reasons, the  author believes that  the  Schottky  barrier 
gate will see increasing application as devices are made with new 
materials. 
ACKNOWLEDGMENT 
The  author wishes to  thank L. Bailey and E. Mehal  for supplying 
C. A. MEAD 
California Institute of Technology 
Pasadena, Calif. 
the  GaAs  material used in these experiments. 
Approximate Theory of the Transversely Magnetized 
Reciprocal Phase Shifter 
I n  a recent correspondence [l], Buchta  reported  that reciprocal 
phase shift is obtained by transversely magnetizing a thin ferrite 
slab  mounted parallel to  the narrow  side of a  rectangular waveguide, 
[Fig. l(a)]. The reciprocity and good thermal  properties allow appli- 
cations for magnetically scanned antennas [2]. We have developed 
an approximate theory of this phase shifter based on a transverse 
resonance  condition  in the guide, and we wish to  report on the com- 
parison between measured and  calculated phase  shift. 
In the case of the well-known nonreciprocal phase shifter [3], 
[Fig. l(b)],   the  RF magnetization in the  ferrite  stays in the  H-plane 
of the  dominant  mode of the  empty guide. All boundary  conditions 
can be fulfilled with a single perturbed H,o-wave  inside and  outside 
the  ferrite.  In  this case, the  transverse resonance  condition  yields the 
rigorous characteristic  equation [3] 
- cot [&.% f - f5 = - 4 1  - B’ cot l/i=T (a - a) (1) 4T€t - k  
P a r r  P 
where E t =  d b f f - g f / c ,  denotes  a  transverse  propagation  constant in 
the y direction,  normalized to ~ d c , ~ ~ z p ~ ~ .  The permeability tensor is 
-
and B = k 0 / b  is the axial propagation constant, normalized to the 
free  space  wave  number B o =  w ~ ‘ c G ~ =  2r /kO.  The normalized width 
of the ferrite slab and the width of the waveguide are denoted as 
d = d .  B o  and ci = a .  B o ,  respectively. 
I t  can easily be shown that for the  geometry of the ‘reciprocal” 
phase shifter [Fig. l(a)], the tensor properties of the permeability 
require the presence of all field components. The rigorous  solution  of 
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